In Brief
INTRODUCTION
Nuclear pore complexes (NPCs) conduct nucleocytoplasmic transport to supply cell nuclei with proteins and the cytoplasm with ribosomes, mRNAs, and tRNA (reviewed by Hoelz et al., 2016; Schwartz, 2016) . This transport is mediated by nuclear transport receptors (NTRs), which bind cargo molecules, traverse NPCs by facilitated translocation, release their cargo, and return for another round of transport. NTR-mediated cargo transport is active and coupled to an energy source (like the RanGTPase system) to allow transport against concentration gradients (Gö rlich and Kutay, 1999) . The RanGTPase system does not directly aid the translocation process but favors cargo-loading onto NTRs within the starting compartment and cargo-unloading at the destination.
Of the different types of NTRs, the importin b-like family represents the largest class with 20 members in mammals Fornerod et al., 1997) . They are rather large proteins (90-140 kDa) and built of $19 consecutive HEAT repeats (reviewed in Matsuura, 2016; Christie et al., 2016; Chook et al., 1999; Harel and Forbes, 2004; Kimura and Imamoto, 2014) . NTF2, the import receptor for Ran (Ribbeck et al., 1998) , has an unrelated fold and functions as a 29 kDa homodimer (Bullock et al., 1996) .
Facilitated translocation requires NTRs to bind so-called FG domains that are part of FG Nups and anchored to the inner ring of the NPC scaffold (Hurt, 1988; Wente et al., 1992; Stuwe et al., 2015; Kosinski et al., 2016; Lin et al., 2016) . FG domains are repetitive, of low sequence complexity, intrinsically disordered, and contain numerous phenylalanine-glycine (FG) dipeptide motifs (reviewed in Schmidt and Gö rlich, 2016; Lemke, 2016) . FG motifs occur in several variations, e.g., FSFG motifs dominate the regular part of the S. cerevisiae Nsp1 FG domain (Hurt, 1988) , while GLFG or SLFG motifs are typical for Nup98 FG domains (Wente et al., 1992; Powers et al., 1997) .
Mobile species that cannot interact with FG domains are referred to as ''inert.'' Their passage becomes increasingly restricted as their diameters approach or exceed $5 nm, suggesting a sieve-like barrier within NPCs (Mohr et al., 2009) . NTRs breach this size-limit and carry even very large cargoes, such as 60S pre-ribosomal subunits, through the barrier (reviewed by Thomson et al., 2013; Sloan et al., 2016) .
The NPC barrier is not just an obstacle to overcome. Instead, it retains the already transported cargoes at their destinations and is therefore essential for any active nuclear transport. It prevents uncontrolled intermixing of nuclear and cytoplasmic contents; it keeps transcription and splicing apart from cytoplasmic translation and thus allows eukaryotes to handle protein-encoding genes with introns.
Several observations established that the NPC barrier is made of FG domains. First, NTRs bind FG motifs during facilitated translocation (Wente et al., 1992; Bayliss et al., 1999) . Second, NPC selectivity deteriorates as individual FG domains are genetically deleted (Strawn et al., 2001; Patel et al., 2007) , biochemically depleted (Hü lsmann et al., 2012) , or cleaved during poliovirus infection (Gustin and Sarnow, 2002) . Biochemical evidence even suggests that FG domains are sufficient for barrier formation. Purified cohesive FG domains form FG hydrogels that exclude inert proteins, allow rapid entry of cargo-NTR (A) Left: Alexa 488-labeled rat NTF2 was added together with mCherry to permeabilized HeLa cells, and nuclear influx was recorded by confocal scans. Right: time courses of nuclear NTF2 and mCherry concentrations, normalized to their concentrations within the outside buffer. Green curve, NTF2 (mean over all intact nuclei); red, mean for mCherry; grey, individual nuclei. The kinetics is first order with respect to substrate concentration c Nuc (t) = c Buffer 3 A 3 (1Àe Àk(t-t0) ). The derived initial influx rates r(t 0 ) = A 3 k are a measure for the NPC passage rates and were obtained through parameter fitting. Table 1 summarizes numbers for all permeation probes. complexes and thereby mirror the transport selectivity of NPCs Gö rlich, 2007, 2009; Milles and Lemke, 2011; Schmidt and Gö rlich, 2015) .
The first FG hydrogel studied was derived from the S. cerevisiae Nsp1 FG domain, which yields homogeneous gels over a range of concentrations. However, only gels with R200 mg/mL FG domain are selective enough to exclude inert macromolecules (Frey et al., 2006; Frey and Gö rlich, 2007) . The FG domains from Nup98 homologs self-adjust to such high local concentration, phase-separate from dilute solutions, and thereby assemble into very protein-rich hydrogels of exquisite NPC-like transport selectivity (Schmidt and Gö rlich, 2015) .
The interactions that cause phase separation and FG hydrogel formation are called ''cohesive'' interactions. They are generally very weak and driven by the hydrophobicity of the FG motifs (Frey et al., 2006; Patel et al., 2007; Hü lsmann et al., 2012) . Because a barrier-forming FG domain contains up to $50 FG repeats, a 3D meshwork with multiple transient cross-links is expected, which acts as a sieve whose mesh-size determines the passive size-exclusion limit. To catalyze NPC passage, NTRs must transiently disrupt FG-FG repeat contacts within the barrier.
NPCs have a tremendous transport capacity and can translocate nearly 1,000 importin b-type NTR molecules per pore per second (Ribbeck and Gö rlich, 2001) . NPC passage takes just a few milliseconds (Yang et al., 2004; Kubitscheck et al., 2005) . Likewise, NTR entry into NPCs, into FG hydrogels, or binding to soluble FG domains is exceedingly fast and, in fact, limited only by the diffusion rate within the bulk buffer (Ribbeck and Gö rlich, 2001; Frey and Gö rlich, 2007; Milles et al., 2015) .
Several crystal structures for NTR-FG interactions are already available. Importin b has a major binding pocket around Ile178 (Bayliss et al., 2000) . Mutational analysis and molecular dynamics simulations point, however, to additional FG binding sites Bednenko et al., 2003; Isgro and Schulten, 2005) . A crystal structure of the exportin CRM1 revealed eight FG binding sites, while site-directed mutagenesis indicated an even greater number (Port et al., 2015) . Nevertheless, it is still unclear how many FG binding sites are needed to translocate a mobile species of a given size and how weak an FG binding site can be for still promoting NPC passage.
NTRs appear to be the most hydrophobic soluble mass proteins of eukaryotic cells (Ribbeck and Gö rlich, 2002) . This is not only consistent with their binding to hydrophobic FG motifs, but it is also interesting in view of protein homeostasis and evolution: when globular proteins fold, most hydrophobic residues become buried within the protein's hydrophobic core. A wealth of available protein structures documents the evolutionary pressure against solvent-exposed hydrophobic surfaces in successfully folded proteins (Levy et al., 2012) . This selection has been particularly strong for highly abundant proteins and probably helps cells against aggregation within their highly crowded interior. Given that NTRs are such a striking exception from this rule, an intriguing question arises: how can NTRs have such hydrophobic surfaces for facilitated translocation, but yet fold properly and escape aggregation?
To assess these conflicting requirements, we set out to design a NTR from scratch, using GFP as a starting point. We discovered a continuum between inert species and NTRs, that even very weak FG interactions promote NPC passage, and that all exposed hydrophobic residues as well as histidines and cysteines on a mobile species' surface facilitate FG phase entry. Arginines also drastically facilitate NPC passage, possibly by their guanidinium moieties engaging in cation-p interactions with the phenyl groups of the FG motifs. This has far-reaching implications for nucleocytoplasmic partitioning, passive leakage through NPCs, and transport of large cargoes. Increasing surface hydrophobicity of GFP boosted its NPC passage rate but also caused aggregation. Therefore, the design of an NTR-like GFP (GFP NTR ) included not only hydrophobic surface substitutions but also Lys / Arg exchanges and aggregation-suppressing secondary mutations. In this way, we obtained GFP NTR variants that pass NPCs >15,000 times faster than the slowest GFP monomers. The least aggregation-prone GFP NTR variants stain NPCs with remarkable clarity, forming 110 kDa tetramers and burry sticky tyrosine patches in multimerization interfaces.
The concomitant increases in size should slow down NPC passage. Yet, these tetramers pass NPCs as fast as the far smaller NTR NTF2, suggesting that their solvent-accessible surface evolved close to an optimum for facilitated translocation.
RESULTS AND DISCUSSION
The Experimental Systems We aimed to explore how the surface properties of a mobile species determine its passage rate through the NPC permeability barrier. As a first readout, we placed HeLa cells into a flow chamber, perforated plasma membranes with digitonin, flushed in ''permeation probes,'' and recorded their nuclear influx by confocal laser scanning microscopy. Figure 1A shows the simultaneous influx of NTF2 and mCherry into nuclei. Quantitation and parameter-fitting revealed a $700-fold faster entry of NTF2 than mCherry, setting benchmarks for facilitated and passive NPC passage, respectively.
Facilitated Translocation without a Dedicated FG-Binding Site EGFP and mCherry have identical hydrodynamic properties; both were so far considered inert, and yet we observed that EGFP entered nuclei 3.5-fold faster than mCherry ( Figure 1B ), raising the possibility of weak FG-EGFP interactions. We tested this by adding both probes to an in vitro-assembled Nsp1 FG (B-D) Influx of EGFP (B) and shGFP2 (C) into HeLa cell nuclei. Coloring is analogous to (A) with green denoting GFP signals. (D) Graphical summary of initial influx rates. SDs refer to independent repetitions of the same experiment on different days (n = 3-6).
(E-G) Partitioning of EGFP and super-hydrophilic shGFP2 into FG phases derived from Nsp1 (E), Nup116 (F), or MacNup98A (G). All FG phases excluded shGFP2 far better than EGFP. The internal mCherry control was recorded in a separate channel. Sequences of engineered permeation probes are detailed in the alignments of Data S1. See also Table S3 .
hydrogel (Frey and Gö rlich, 2007) . EGFP showed indeed a higher gel:buffer partition coefficient (G:B = 1) than mCherry (G:B = 0.4). Self-assembled (S. cerevisiae) Nup116 and (Tetrahymena thermophila) MacNup98A FG particles pose firmer barriers (Schmidt and Gö rlich, 2015) , but also here, EGFP was excluded less strictly than mCherry (Figures 1E-1G ; Table 1 ). GFP contains several solvent-accessible hydrophobic residues. We mutated them individually and observed that several hydrophilic substitutions (e.g., M153E or Y182K) diminished the partitioning into the Nsp1p hydrogel (Table S1 ). A combination of the effective mutations in the super-hydrophilic GFP1 (shGFP1) was synergistic and lowered the partition coefficient 2.5-fold.
The mutation of 8 additional hydrophobic residues abolished fluorescence. However, directed evolution yielded the wellfolding super-hydrophilic shGFP2 (for sequences, see Data S1, Alignment A). It passed NPCs 7.5-fold slower than EGFP ( Figures  1C and 1D ; Table 1 ). This points to a facilitated translocation of EGFP in the absence of dedicated FG-binding sites.
Superhydrophobic, NTR-like GFP Variants
We next asked if a converse increase in surface hydrophobicity would transform GFP into an NTR-like species. Indeed, an ectopic surface tryptophan (W) increased the GFP partitioning into an Nsp1 FG hydrogel. Of 17 positions tested, the strongest increase was observed for the T97W (3.7-fold), and N164W (3.2-fold) mutations (Table S2) .
Combining 8 individual X/W mutations (GFP_8W) resulted in an insoluble and nearly non-fluorescent species. Given the intended extraordinary increase in surface hydrophobicity, this was not surprising. It took 7 rounds of directed evolution and 15 fold-enhancing mutations to obtain a fluorescent and soluble GFP_8W variant (Data S1, Alignment B). The new scaffold will be called efGFP (for enhanced folding of hydrophobic GFPs). Subsequent experiments with superhydrophobic mutants were performed in this context.
Combining surface tryptophans had striking effects. efGFP_3W showed 25-to 100-fold higher partitioning in the FG hydrogels than mCherry (Figure 2 ; Table 1 ). efGFP_8W even showed 1,300 to >5,000-fold higher partition coefficients, passed NPCs $620-fold faster than mCherry, and thus as rapidly as S. cerevisiae NTF2 (600-fold faster) or mammalian NTF2 (680-fold faster).
The super-hydrophobic efGFP_8W variant features not only efficient binding to FG domains and very rapid NPC passage, but also strong non-specific binding to cytoplasmic and nuclear structures of the permeabilized HeLa cells ( Figure S1 ). This illustrates an intriguing dilemma of NTR evolution, namely the delicate compromise of having a great hydrophobic interaction potential and yet avoiding aggregation.
Placing different hydrophobic residues on the efGFP surface revealed that 8 tryptophans (8W) had the strongest translocation-promoting effect, followed by the 8Y (8 tyrosine) version ( Figure 2B ). Phenylalanines (8F) had a weaker impact. However, isoleucines (8i) or methionines (8M) accelerated NPC passage greatly ($70 and 110 times of the mCherry rate, respectively; Figure 2B; Table 1 ). Remarkably, this came with less aggregation than observed for the 8W or 8Y variants ( Figure S1B ). The 8i and 8M mutants showed only a rather moderate accumulation within FG hydrogels (G:B$3-100; Figures 4A and 4B; Table 1 ), suggesting that methionines and isoleucines engage in more transient FG-interactions than tryptophans and tyrosines. Yet, these Met/Ile-FG interactions are very productive and translocation-promoting.
Surface Arginines Confer Binding to FG Domains and Drastically Accelerate NPC Passage During this study, we also tested ''fixation-resistant'' GFP variants, whose lysines had been replaced by arginines to avoid immobilization by aldehyde-based fixatives. The initial variant was non-fluorescent, but a highly fluorescent ''superfolder fixation-resistant'' derivative (sffrGFP4) was evolved that combines a total of 15 fluorescence-enhancing exchanges, including a lysine 85 reversion (Data S1, Alignment C).
sffrGFP4 showed a very unexpected behavior and accumulated remarkably well within Nup116 FG particles (G:B = 50) and even within the highly restrictive MacNup98A FG particles (G:B = 14; Figure 3A ; Table 1 ). Furthermore, it passed NPCs 160-fold faster than mCherry and thus even faster than the superhydrophobic 8i, 8M, 8F, or 8L variants (Figures 3B and  3D ; Table 1 ). Remarkably, sffrGFP4 showed no sign of aggregation or non-specific binding to any nuclear or cytoplasmic structures.
At this point, it was still unclear if the NTR-like properties of sffrGFP4 were due to the K/R exchanges or due to the fold-enhancing secondary mutations. Therefore, we changed all 25 exposed arginines of sffrGFP4 to lysines (25xR/K). This caused a 100-fold slowdown in NPC passage and a drastic drop of the Nup116 and MacNup98A FG partitions coefficients ( Figures 3A, 3B , and 3D; Table 1 ). Thus, arginines confer a specific interaction with FG domains and greatly facilitate NPC passage. In quantitative terms, we can estimate that 25 arginines on the sffrGFP4-surface favor the barrier-entry by $5 k B T and that a single surface arginine thus makes a $0.2 k B T ($0.5 KJ/mol) contribution (as compared to the corresponding lysine variants).
The side chains of arginine and lysine are very similar to each other and comprise each a linear aliphatic moiety with a terminal positive charge. What then is causing Arg4Lys exchanges to have such drastic effects on NPC passage? A plausible explanation is that arginines can engage in cation-p interactions with aromatic side chains (reviewed in Crowley and Golovin, 2005) and thus perhaps also with the phenyl groups of FG motifs. The strong preference of Arg-FG cation-p pairings over the analogous Lys-FG interactions can, in turn, be rationalized by better shape complementarity of the planar guanidinium and a lower dehydration penalty as compared to the ammonium group of the lysine (Mason et al., 2003; Crowley and Golovin, 2005) .
Exposed Arginines Also Facilitate NPC Passage of MBP and Importin b
To test whether the arginine-effect is a peculiarity of GFP or of general validity, we analyzed the 40 kDa maltose-binding protein (MBP) from E. coli. Wild-type MBP, containing 36 lysines and just 5 arginines, entered nuclei very slowly (Mohr et al., 2009 ). Strikingly, however, exchange of 29 well-exposed lysines to arginines made NPC passage $40-fold faster ( Figure S2 ; Table 1 ; Data S1, Alignment I). Finally, we analyzed the importin b 1-493 fragment, containing 18 arginines and 22 lysines. Its NPC passage became 40% faster if the 16 most exposed lysines had been mutated to arginines. A converse 16xR/K importin b mutant, however, passed NPCs 4-fold slower than the wild-type ( Figure S2 ; Table 1 ; Data S1, Alignment J). Thus, arginines have a major impact on NPC passage rates even for species that are already highly translocation-optimized and that contain dedicated FG binding sites. Thus far, solved NTR structures have not yet captured an Arg-FG interaction. They, therefore, undersample translocation-relevant FG-binding sites.
Histidines and Cysteines Also Promote FG Phase-Entry
Thus far, we have studied how the most hydrophobic residues and arginines impact FG-interactions. Next, we generated another 14 efGFP variants, where the previously used 8 positions were changed en bloc to yet another residue (Data S1, Alignment D). Three variants (efGFP_8G, efGFP_8P, and efGFP_8D) remained non-fluorescent. Quantifying the partition coefficients of the other 11 variants revealed Lys, Glu, and Asn as the most FG-repellent residues (Figures 4A and 4B). Asp could not be measured directly, but an extrapolation from the effects of Glu, Gln, and Asn suggests Asp to be even more repulsive than Glu.
Ser, Thr, and Gln were still FG-repellent in the MacNup98A but neutral in the Nup116 FG phase. Histidine exceeded the positive effect of arginines 2-to 3-fold. Alanine provides just a single methyl group for hydrophobic interactions, yet, it promoted FG phase-entry remarkably well. This can potentially be explained by its small size exposing more hydrophobic parts of neighboring residues and thus creating shallow hydrophobic pockets.
Cysteine conferred a strong FG-interaction, exceeding the effects of Leu, Val, Ile, and Met. This is quite revealing because it could explain why importin b-type NTRs are so cysteine-rich. For example, importin b contains 27 largely accessible cysteines, Xpo7 contains 37. Cysteines and histidines pack well to hydrophobic residues but also hydrogen-bond to water. Thus, they can (like arginines) help NTRs to shuttle between an aqueous and a hydrophobic FG phase.
A Negative Net Charge Is No Determinant for Facilitated NPC Passage
The rather negatively charged efGFP_8E variant (À19 at pH 7.4) is more excluded from the MacNup98A FG phase than the less charged (isosteric) 8Q variant (À13; Figures 4A and 4B ). This conflicts with the earlier suggestion that a negative charge of a mobile species is an essential criterion for its facilitated NPC passage (Colwell et al., 2010; Tagliazucchi et al., 2013) . The suggestion was based on NTRs having acidic isoelectric points, FG domains typically carrying a (small) positive net charge (of around +1 per 100 residues), as well as on modeled Coulomb interactions between negatively charged mobile species and an FG domain-populated (but otherwise empty) NPC channel.
Indeed, there are also arguments against negative charges facilitating translocation. First, a charge-reversal within the central channel is expected, when a physiological number of NTRs ($100 per NPC and each carrying a net charge of up to À70) are recruited. The charge argument is also hard to reconcile with tRNAs carrying $70 negatively charged groups per molecule and yet being exported by exportins and not by self-translocation through the NPC barrier.
To address this issue, we generated a charge-series by introducing isosteric D4N and E4Q mutations into sffrGFP4, which has a net charge of À8 (for comparison, the charge of the NTF2 dimer is À14). Increasing the charge to À16 (sffrGFP5) made NPC passage $2.5-fold slower and strongly diminished its Nup116 and MacNup98A FG partition coefficients (Figures 4C  and 4D; Table 1 ; Data S1, Alignment E). The near-neutral sffrGFP6 (charge: À1.7) and sffrGFP7 (charge: +0.3), however, passed NPCs 70%-90% faster and showed an up to 12-fold higher FG partition coefficient. Thus, a negative charge is no prerequisite for facilitated translocation. Instead, negative charges even counteract partitioning into the rather hydrophobic FG phasesdespite the tested MacNup98A and Nup116 FG domains carrying a positive charge (with isoelectric points of $9.6 and 10.2, respectively). This is in line with negatively charged side chains being the least favored contacts of hydrophobic residues.
Super-Inert GFP Variants through R/K Exchanges and Negative Charges
Thus far, (super-hydrophilic) shGFP2 was the slowest NPCpassing species tested. Nevertheless, it retained residues with a potential FG domain interaction, namely hydrophobic ones that appeared not easily mutable initially (such as Y200), as well as arginines. To obtain super-inert ''sinGFP'' variants, we implemented 10 R/K exchanges and then found the hydrophilic Y200T, V93T, and F223T mutations as compatible with folding. SinGFP4a combined these exchanges along with a greater negative charge (À6 / À11), and strikingly, it passed NPCs 35 times slower than our starting point EGFP ( Figures  3C and 3D ; Table 1 ). This implies not only that the NPC's ''sieve'' is actually far stricter than previously thought, but also that standard EGFP traverses NPCs in a rather facilitated manner. 
Plasmid numbers are unique identifiers. Sequences are given as in Data S1 (Alignments A-J). Arginine and lysine counts also include potentially buried ones and refer to the indicated oligomeric states. Charges were calculated according to Kozlowski (2016) . Numbers have been rounded to two significant digits. Note that partition coefficients below 0.05 cannot be reliably discerned and are therefore given only as upper limits. For details, see main text, figures, and STAR Methods.
Surface Properties and Leakage through the NPC Barrier
The primary function of the nuclear transport machinery is a correct nucleocytoplasmic sorting of macromolecules. This includes not only importing the required components into nuclei but also keeping others out. For example, virtually all translation factors show a strict exclusion from the cell nucleus-probably to preclude ribosomes from translating non-spliced mRNAs and producing non-functional protein fragments. One could assume that such exclusion is easy to achieve, namely by the mobile species lacking an import signal and having a sufficiently large size. Nevertheless, it has become clear that cytoplasmic proteins and protein complexes, which are considerably larger than the nominal exclusion limit of NPCs ($5 nm), leak into nuclei. Exportins then retrieve such leaked-in components back to the cytoplasm (Bohnsack et al., 2002; Calado et al., 2002; Kırlı et al., 2015; Thakar et al., 2013) .
The leakage of large protein species into nuclei was recently used as an argument that highly dynamic FG domains, and not FG hydrogels, form the NPC barrier (Hough et al., 2015) . The same study suggested that NPCs generally exhibit poor size selectivity. Our data now support a different interpretation, namely that leakage of large species is not passive but instead facilitated by cryptic FG interaction sites.
Exposed hydrophobic patches and arginines confer attraction to FG domains and facilitate translocation. They are also typical of protein-protein or protein-RNA interaction sites and therefore probably impossible to eliminate during evolution. In stable complexes, such cryptic FG-binding patches will remain buried. In dynamic complexes, however, they will get transiently exposed and then facilitate leakage through the NPC. For maintaining a cytoplasmic localization, this will not be a serious problem as long as active export proceeds faster than their NTR-independent NPC passage. Cryptic FG-binding sites probably also occur quite often on ''non-NTR proteins,'' and this could explain why an exportin-mediated retrieval of cytoplasmic protein is so common (Kırlı et al., 2015) . (legend continued on next page)
Surface Features and Large Cargo Transport
We studied individual mobile species and observed an enormous impact of surface features on the corresponding NPC passage rates. For NTR-cargo complexes, one could assume that the NTR already provides all relevant FG-binding sites and that no contributions from the cargo are required. We tested this using the MacNup98A FG phase system, human importin b, and GFP variants fused to an IBB domain-a strong importin b-dependent nuclear import signal. This revealed an immense effect of the cargo surface-features (Figure 5A) . The (FG-philic) IBB-sffrGFP7 fusion accumulated to a partition coefficient of $2,000, while standard IBB-EGFP entered 50-fold weaker. SinGFP4a essentially precluded entry (G:B < 1) and trapped the IBB-importin b complex at the surface of the FG particles, where the importin was probably already immersed in the FG phase, and sinGFP4a still pointed to the buffer. This is remarkable because importin b provides a perfect FG-binding interface, and GFP accounts for only 22% of the surface area of the complex. This suggests that not only positive binding-interactions, but also repulsion by FG-phobic regions, matter for transport selectivity. Such repulsion can even override the favorable FG interactions of a larger NTR.
The cargo-surface effect is also striking for transport through real NPCs ( Figure 5B) ; it is just shifted to 3-fold larger cargo sizes. Importin b imports an IBB-3xEGFP fusion efficiently (to N:C ratios of $120) but fails with an IBB-3x sinGFP4a fusion (N:C $0.4); whereby, the weak rim-staining indicates that the FGphobic cargo does not impair the initial NPC targeting but instead impedes the subsequent translocation. Thus, when a single NTR carries a 90-kDa cargo, transport efficiency critically depends on the surface feature of the cargo.
Cells have to translocate even larger cargoes, such as 2 MDasized pre-ribosomal subunits in transit to the cytoplasm. One strategy to achieve this is to employ multiple NTR molecules (Ribbeck and Gö rlich, 2002; Tu et al., 2013; Schmidt and Gö rlich, 2015) . We now propose a second strategy, namely that large cellular cargoes do not behave entirely passively but contribute direct cargo-FG interactions by exposing arginines, histidines, cysteines, and/or hydrophobic residues and avoiding large FG-repellent regions.
GFP Variants that Pass NPCs Faster than NTF2
In our design studies for an NTR-like GFP, we thus far either increased the surface hydrophobicity, the number of histidines or cysteines, or the fraction of arginines among the basic residues. In a next step, we combined two principles and introduced 17 K/R mutations into already hydrophobic variants (Data S1, Alignment F). The resulting GFP_MaxR_3W, GFP_MaxR_5W, and GFP_MaxR_8i species showed tremendous FG hydrogel: buffer partition coefficients of up to $4,000. Likewise, they crossed NPCs very rapidly, with one extreme being GFP_MaxR_8i, which passed NPCs twice as fast as yeast or mammalian NTF2 and >10,000-fold faster than the slowest GFP variant, sinGFP4a ( Figure 3E ; Table 1 ).
Interestingly, GFP_MaxR_8i showed less aggregation than the efGFP_8W version, suggesting that the combination of exposed non-aromatic hydrophobic surface residues with translocationpromoting arginines might be one design principle for an aggregation-resistant NTR.
Correlation between NPC Passage Rate and FG PhasePartitioning By comparing fluxes of EGFP and NTF2, it was previously estimated that NPCs discriminate only up to $30-to 120-fold between passive and facilitated passage of a ($28 kDa) GFP-sized species (Ribbeck and Gö rlich, 2001; Mohr et al., 2009; Siebrasse and Peters, 2002) . Even this difference got questioned by the suggestion of easily dissociating NTF2 dimers (Chaillan-Huntington et al., 2001), raising the possibility that the fast NTF2 transport rate actually refers to the smaller ($15 kDa-sized) monomer.
We resolved this issue by engineering GFP variants to pass NPCs either very slowly or very rapidly, whereby the extremes differ >10,000-fold in rate (Table 1) . This points to a far greater sorting ability of NPCs than documented before. As all species have the same number of residues, and the slowest species (sinGFP4a) is a monodisperse monomer (Table S3) , we can exclude that size differences caused the drastic difference in transport rates.
For $25 GFP species and NTF2, we measured not only their passage rates through human NPCs, but also their partition coefficients into three different FG phases. This dataset revealed a striking positive correlation (over $4 orders of magnitude) between FG-partitioning and fluxes through NPCs ( Figure S3 ), lending strong support to the notion that in vitro-assembled pure FG phases functionally recapitulate the ''active matter'' of the NPC permeability barrier.
GFP NTR Tetramers with Exceedingly High NPC Passage Rates
We so far designed rapidly translocating GFPs. To evolve variants that match NTRs also in their selectivity of FG-interactions, we started from a species that combined 8 ectopic methionines with 19 Lys/Arg exchanges (Data S1, Alignment G). The initial GFP_MaxR_8M variant failed to fold, but random mutagenesis gave highly fluorescent derivatives. More than 200 of these variants were bacterially expressed and tested for solubility, minimal co-purification of bacterial contaminants, staining NPCs in digitonin-permeabilized cells, as well as for minimal aggregation with cytoplasmic and intra-nuclear structures (see Figure 6A for examples).
This way, we identified remarkable mutants. GFP NTR 2B7, and the later derived 7B3 variant (Data S1, Alignment G), turned out to be the fastest NPC traversers ($17,000-fold faster than sinGFP4a), outperforming even the earlier mentioned MaxR_8i version. 2B7 still showed non-specific binding to cytoplasmic and nuclear structures ( Figure 6A ). The R206L mutation (yielding Table S3 , and Data S1. See also Figure S4 , Table S3 , and Data S1.
3B1), however, abolished aggregation and lead to a crisp, punctate (although weak) NPC staining signal. E111V (yielding 3B7) enhanced the NPC signal. I128T (yielding 3B8) increased the mutant's solubility to at least 400 mM. The alternative D129G exchange in 3B9 further enhanced NPC binding, while D129R rendered the 4B1 variant to an FG super-binder with an extremely bright NPC staining pattern (Figure 6A) ; this is comparable to the dominant-negative 45-462 importin b fragment that blocks NPCs for facilitated and passive passage Mohr et al., 2009) . The behavior of these mutants supports our conclusion that acidic residues attenuate FG-interactions, while arginines enhance them.
Gel filtration and multi-angle light scattering (MALS) revealed that the 3B1, 3B7, 3B8, and 3B9 mutants form monodisperse (B) Import into nuclei of digitonin-permeabilized HeLa cells was for 40 min in the presence of 35% interphase Xenopus egg extract (which confers long-term stability to nuclei), an energy-regenerating system, and 0.7 mM cargo that had been pre-complexed with importin b. The IBB-fusion to three EGFPs was efficiently imported, while import of the analogous IBB-3x sinGFP4a fusion was 300-fold less efficient. See also (Table S3 ). The concomitant mass increase to 110 kDa should considerably slow down NPC passage. Yet, the 3B7 and 3B9 variants crossed NPCs 20%-30% faster than the far smaller (29 kDa) NTF2 from either yeast or rat (Table 1) .
Structure of the Highly FG-Specific GFP 3B8 Tetramer
The tetramerization of the GFP NTR variants greatly reduced their non-specific binding by burying promiscuous binding regions, but leaving patches exposed that confer selective FG interactions and rapid NPC passage. To visualize this, we crystallized GFP NTR _3B8 and determined its structure at 1.66 Å resolution ( Figures 6B-6F and S5 ; Table S4 ). The structure shows 4 GFP molecules arranged in parallel and in 4-fold rotational symmetry, which contrasts the antiparallel arrangement of neighboring molecules in the dsRed tetramers (Wall et al., 2000) . The assembly is 8 nm in diameter and has a central cavity, like dsRed.
Determinants of Facilitated NPC Passage and Resistance to Aggregation
The interface between neighboring GFP molecules involves two complementary contact areas. The first includes L206 (whose exchange to arginine disrupts the tetramer), F223, R73, R221, P75, methionines M41, M225, and M204, as well as tyrosine Y39. The second one comprises R162, N166, D198, methionines M153, M164, and M180 as well as tyrosines Y99, Y151, and Y182. Four of the seven otherwise exposed tyrosines become partially or fully buried in the tetramerization interface and another two (Y200 and Y202) within the central cavity ( Figure 6D ). This is quite revealing because exposure of numerous tyrosines on the efGFP_8Y variant not only confers FG-binding and rapid NPC passage but also heavy aggregation with cytoplasmic and nuclear structures ( Figure S1B ). These coincidences now suggest the enhanced FG selectivity of the NTR-GFP tetramers to be the consequence of the burial of tyrosine sidechains.
The GFP NTR tetramers still contain one fully exposed tyrosine (Y237) at their disordered C termini. In line with the just drawn conclusion, we observed that an additional Y237i mutation diminished non-specific aggregation further and led to GFP NTR variants (such as 3B7C) that finally bound NPCs with similar strength and specificity as bona fide nuclear transport receptors ( Figure 6G ). The same holds true for a covalently concatenated 3B7C tetramer, confirming that indeed the tetramer, and not transiently dissociated subunits, represents the highly specific FG domain interactor. The outer tetramer surface contains 17 ectopic arginines and 5 ectopic hydrophobic residues (M41, M97, V111, V209, and L231) all of which might contribute to the observed highly selective FGbinding and rapid NPC passage. Position 111 is a Glu in wildtype GFP. The E111V exchange caused a 2.5-fold increase in NPC staining ( Figure 6A ), a $3-fold increase in NPC passage rate, and a 10-fold higher partitioning in Nup116 or MacNup98A FG particles (compare 3B1 and 3B7 in Table 1 ), validating V111 as part of a productive FG-binding site.
Inspection of the structural vicinity ( Figure 6E ) revealed a stripe of hydrophobic residues (V93, V111, V120, and Ile188) sandwiched in between arginines (R109, 113, and 122) that in turn are surrounded by acidic residues (E95, E115, and E124). Such an arrangement is plausible for an FG-binding site: the valines and the isoleucine might engage in hydrophobic contacts, the arginines in cation-p interactions with a phenyl ring, while the acidic side chains constitute intra-molecular counter ions for the still positively charged guanidinium groups. Similar arrangements can be found around M41 and M97 ( Figure 6F ) as well as around V209 and Y143.
Deep clefts/pockets at the subunit interfaces represent another interesting aspect of the structure. Some of them (e.g., the one near the partially buried Y182 and M41 0 from the neighboring subunit or in between Ile229 of neighboring chains) are rather hydrophobic and surrounded by arginines. They might represent FGbinding sites too. Pocket-like binding sites have the advantage that at least homotypic aggregation becomes minimized; this provides an additional explanation for the striking improvement in FG selectivity that coincided with the transition to GFP NTR tetramers.
NTRs must cycle rapidly between nucleus and cytoplasm, and it is clear that any non-selective retention in either compartment would delay such cycles and impair transport efficiency. Therefore, NTRs should have evolved to a particularly low aggregation propensity-despite the fact that the surface hydrophobicity required for polyvalent FG-interactions also promotes non-selective aggregation. steps in evolution to very selective NPC binders. 2B7A still aggregated inside nuclei. The tetramerizing R206L mutation essentially abrogates this aggregation. E111V enhances NPC-binding and -passage as well as partitioning in FG particles (Table 1) . 3B8 is the most soluble variant. 4B1 is an FG-superbinder. (B) 1.66 Å crystal structure of the GFP NTR 3B8 tetramer (surface view). Coordinates and structure factors have been deposited in at PDB: 5MSE. Table S4 lists crystallographic statistics.
(C) Cartoon view of 3B8 in rainbow coloring (blue, N terminus; red, C terminus).
(D) Cartoon illustrates burial of otherwise exposed tyrosines by the tetramerization. Given that exposed tyrosines make GFP aggregation-prone (see Figure S1B ), this burial can explain why the tetramerization suppresses non-specific aggregation.
(E) Valine 111 defines a translocation-relevant FG-binding site (compare 3B1 and 3B7 in A and Table 1 ). The cartoon illustrates its vicinity. Note the stripe of hydrophobic residues (i188, V93, V111, V120; white side chains) surrounded by arginines (with blue guanidinium nitrogen), which appears ideal to capture FG motifs through hydrophobic and Arg/Phe cation-p interactions. The arginines' charges are neutralized by nearby glutamic acids (red, carboxylate oxygens).
(F) The 3B8 tetramer in an extended surface view but identical coloring as in (E). M97 and M41 0 (of the neighboring chain) mark an area that resembles the FG-binding site around V111 (G) GFP NTR 3B7C was obtained by mutating the last fully exposed tyrosine (Y237) to isoleucine. In terms of NPC staining specificity, it rivals NTF2 and the importin b 1-493 fragment, which give (in our hands) the cleanest NPC staining of any NTR. The 3B7C covalent tetramer behaves the same, demonstrating that the tetramer, and not transiently dissociated monomers, represent the selective NPC/FG ligand. These confocal scans still underestimate selectivity, because the signal is averaged over a focal volume that is 100-fold larger than an NPC. See also Figure S5 , Table S3 , and Data S1.
NTRs carry a negative net charge (of up to À83) that is invariably greater than needed for compensating a positive charge of their cargoes. This negative charge does not enhance NPC passage but probably combats aggregation. Either a strongly positive or a strongly negative net charge would make an isolated NTR more water soluble. In the highly crowded cellular environment, however, only a negative charge can repel NTRs from other macromolecular complexes (containing protein, RNA, or DNA) that typically are also negatively charged. Figure S4 supports this view and shows that even very hydrophilic GFP variants carrying a positive net charge are very prone to aggregate with cellular structures. Their negatively charged counterparts, however, are aggregation-resistant.
Furthermore, an aggregation of NTRs can be relieved by concave hydrophobic pockets, by using exposed hydrophobic residues (such as Val, Leu, Ile, Phe, Ala, or Met) that have less aggregation potential than Trp or Tyr, and by the use of Cys, His, and Arg as FG-interaction modules. Indeed, arginines interact well with aromatic side chains and can thus confer (productive) interactions with FG-phenylalanines. The (probably) underlying cation-p interactions are specific for aromatic residues, and this could explain why the permeability barrier relies on phenylalanines for cohesive hydrophobic interactions. On the other hand, arginines ''feel well'' in water and thus confer water solubility to proteins on whose surface they are exposed. In other words, they can enhance the solubility of mobile species within a hydrophobic FG phase without compromising their solubility in water. Cys and His share these ''amphibian'' properties.
The comparison of the GFP variants analyzed here demonstrates that there is no ''black and white'' between passive and facilitated NPC passage. There is a continuum of all greys in between. This casts further doubts on the suggestion of separated paths for passive and active transport through NPCs (Hinshaw et al., 1992; Ma et al., 2016) . Furthermore, our dataset suggests that facilitated translocation neither requires dedicated FG-binding pockets nor a dedicated fold. Instead, even extremely weak interaction sites (as in EGFP) can accelerate the process and incrementally sum up to avidity effects with an eventually enormous impact on the transport rates. This suggests that a partitioning equilibrium (between the bulk solvent and the FG-rich phase of the permeability barrier) governs the transport rates.
Recapitulating transport selectivity by physical model building and computer simulations is currently a major effort in the field. So far, however, this has been hampered not only by the extreme complexity of the problem but also by a lack of data that would allow judging the reliability of such simulations. The heredescribed GFP series covering such broad range of NPC passage rates and FG interaction strength is ideal to close this gap and to validate and calibrate future simulations of the NPC permeability barrier.
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The authors declare no competing interests. (k-factor: 2600; 15 min) and washed once in 50 Tris/ HCl pH 7.5, 300 mM NaCl, 5 mM DTT. The FG domains were extracted with 6 M guanidinium hydrochloride (GuHCl), 50 mM Tris/HCl pH 8.0, 1 mM imidazole/ HCl pH 7.5, 10 mM DTT. The extract was cleared by ultracentrifugation (k-factor: 135; 90 min) and applied o/n at room temperature to a Ni(II) chelate column. The column was washed in extraction buffer, the GuHCl concentration was lowered to 4 M and the FG domains were eluted with 4 M GuHCl, 50 mM Tris/HCl pH 8.0, 500 mM imidazole pH 7.5, 10 mM DTT. The MacNup98a FG domain was re-buffered to 0.08% trifluoroacetic acid (TFA), 30% acetonitrile, lyophilized, weighted, and dissolved to 1 mM protein concentration in 4 M GuHCl. Since the absorbance of FG domains at 280 nm is very low, gravimetry is the preferred method to quantify the amount of protein.
The Ni-eluate containing the Nup116 FG domain was applied to a Tosoh TMS C1 column (10 mm). The column was washed in Buffer A (0.08% TFA, 10% acetonitrile) and eluted in a gradient ending at 30% acetonitrile. Fractions containing the full-length protein were pooled, lyophilized, and finally dissolved to 1 mM protein concentration in 4 M GuHCl.
The his-tagged FG domain of S. cerevisiae Nsp1 (residues 2-602) was also expressed in E.coli (Frey and Gö rlich, 2007) . Cells were directly lysed in 4 M GuHCl 50 mM Tris/HCl pH 8.0, 1 mM imidazole/ HCl pH 7.5, 10 mM DTT. The FG domain was purified from the soluble fraction by Ni(II) chelate chromatography, rebuffered to 0.08% trifluoroacetic acid (TFA), 30% acetonitrile and lyophilized. mCherry and GFP variants, MBP and Importin b 1-493 and corresponding mutants were expressed as His 14 -SUMO fusions. Alternative tag combinations are listed in Table S5 . E. coli cells were lysed in sonication buffer (50 mM Tris/HCl pH 7.5, 300 mM NaCl, 20 mM imidazole/ HCl pH 7.5, 5 mM DTT) and the extract was cleared by ultracentrifugation. The his-tagged proteins were purified by capture to Ni(II) chelate beads, followed by extensive washing and finally eluted by on-column-tag-cleavage with the appropriate tag-cleaving protease (e.g., bdSENP1) as described before Gö rlich, 2014a, 2014b) .
The covalent GFP NTR 3B7C tetramer was further purified by gel filtration on a Superdex200 column to make sure that multimers were indeed intra-chain tetramers. Expression and purification of untagged NTF2 was described before (Ribbeck et al., 1998) . Labeling with AlexaFluor 488 maleimide was sub-stoichiometric with z0.8 dyes per NTF2 dimer. His-Tev-tagged variants were purified by imidazole elution, with the tags being removed afterward by his-tagged Tev-protease, re-buffering and a 'reverse Ni(II) chromatography' step to remove tag and protease.
Random mutagenesis of GFP variants
Was carried out by error-prone PCR using Taq-DNA polymerase in the presence of Mn 2+ and unbalanced dNTP ratios (Cadwell and Joyce, 1992; Cirino et al., 2003) . Mutagenized GFP-coding sequences were cloned through restriction sites or by Gibson assembly (Gibson, 2011) into Kan-resistance plasmids carrying an IPTG-inducible expression unit. Transformed E. coli cells were typically plated on LB-agar plates containing 50 mg/mL kanamycin and 30-100 mM IPTG, and incubated o/n at 37 C. Fluorescent colonies were identified through illumination with blue LED light and a matching filter. Fast-maturing GFP-variants gave green fluorescent colonies already at 37 C. To identify also more slowly maturing variants (in early stages of evolution), plates were further incubated at room temperature or at 4 C.
Partitioning into FG particles
The previously described procedure (Schmidt and Gö rlich, 2015) was performed with some modifications. 2 ml of a 1 mM FG domain solution (in 4 M Guanidinium-HCl) were rapidly diluted with 100 ml assay buffer (20 mM Tris/HCl pH7.5, 130 mM NaCl, 2 mM DTT) and incubated on a roller drum at 20 rpm for 8 min. 10 ml of the resulting mixture were mixed with 30 ml substrate (typically 3 mM mCherry + 1 mM GFP variant in assay buffer). 30 ml of the resulting mixture were placed on collagen-coated m-slides 18-well (IBIDI, Germany) that had been further passivated with 0.1 mg/mL (unlabeled) MBP, washed and dried before use. FG particles were allowed to sediment for 30-60 min before data acquisition with a Leica SP5 confocal scanning microscope equipped with a 63x oil immersion objective and hybrid detectors. mCherry and GFP/Alexa488 signals were acquired sequentially with 561 and 488 nm excitation, respectively. Per imaged field, raw signals within 3-5 particles and 3 reference areas within the buffer were quantified using ImageJ. A standard curve derived from measurements of pure GFP or mCherry at identical settings was used to re-calibrate the non-linear detector response at high signal intensities. This procedure allowed to accurately quantifying $1 nM-10 mM mCherry and $1 nM-1 mM GFP/Atto488.
In some cases, signals were further corrected by linear unmixing to eliminate the minor bleed through of the respective 'foreign' fluorophores. From these corrected signals S, partition coefficients P were calculated for each particle i according to: Table 1 lists the means of the partitions coefficients for a given permeation probe and type of FG particles (obtained from R 5 imaged fields and R 2 independent experiments). Standard deviations were usually % 10% between individual particles and between experiments.
Partitioning into the Nsp1 FG hydrogel Essentially, we followed a procedure earlier described (Frey and Gö rlich, 2007) with some modifications. 8.8 mg lyophilized Nsp1 FG repeat domain (residues 2-601) was dissolved in 44 ml 0.1% TFA, and z1 ml drops were placed on uncoated 18 well slides. Hydrogels were allowed to form in water vapor-saturated atmosphere o/n at room temperature and equilibrated for 24 h in a vast excess of assay buffer. Equilibrated hydrogels were incubated 2x for 1 hr each with 40 ml of a mixture of 3 mM mCherry and 1 mM GFP variant in assay buffer. For each incubation, the substrate mixture was exchanged. After the second incubation, substrates were exchanged once more and the mixture was allowed to reach a steady state overnight.
Substrate concentrations within the buffer and hydrogel phases were determined automatically based on the average intensities measured in a 15 mm wide region starting 15 mm before and after the buffer/hydrogel boundary. Based on these intensities, partition coefficients were calculated similar to the procedure described before for FG particles.
analyzed using a miniDawn TREOS light scattering system (Wyatt Instrument Technology). Data were processed using the Astra 6.1.7.17 software package.
Crystalization of GFP NTR 3B8 and structure determination 3B8 was expressed and purified as described above, however, an additional Superdex200 gel filtration (in 50 mM Tris/HCl pH 7.5, 300 mM NaCl) was performed and the protein was concentrated using a spin concentrator. Several initial crystallization conditions were identified by using commercial grid and sparse matrix screens. The best crystals grew via hanging drop vapor diffusion by equilibrating a 1.5 ml drop of protein with 1.5 ml of reservoir solution containing 8%-12% PEG8000, 0.1M Imidazole pH 7.0 and 28% glycerol. After several rounds of seeding, large single plate-shaped crystals could be grown to a maximum size of z100 3 200 3 20 mm over 2-3 days. These crystals were mounted directly from the drop in a Mitogen loop and flash frozen into liquid nitrogen.
Diffraction data were collected from several crystals using a PILATUS 6M (Dectris) detector at the PXII beamline (Swiss Light Source, Villigen, Switzerland). The best crystal showed diffraction to 1.66Å resolution. Data for this crystal were collected and processed with XDS (Kabsch, 2010) . For statistics see Table S4 . The crystal belongs to the space group P21 with four 3B8 chains (i.e., one tetramer) in the asymmetric unit. Initial phases were obtained by molecular replacement using the program PHASER using the coordinates of the GFP crystal structure (1EMA; Ormö et al., 1996) as a search model.
Multiple cycles of refinement using REFMAC5 (Vagin et al., 2004) were followed by manual rebuilding with COOT (Emsley et al., 2010 ). Final refinement of the structure using REFMAC5, with TLS refinement and NCS restraints, converged with R cryst = 0.174 and R free = 0.206.
QUANTIFICATION AND STATISTICAL ANALYSIS

See Method Details section and Legends to Figures and Tables.
DATA AND SOFTWARE AVAILABILITY
Data Resources
The accession number for the coordinates and structure factors of the GFP NTR 3B8 structure reported in this paper is PDB: 5MSE. Figure 1A . Images were obtained 2, 15 and 85 s after addition of indicated permeation probes. GFP variants with ectopic surface tryptophans show strong aggregation with cytoplasmic and nuclear components, as indicated by the appearance of brightly stained structures. The efGFP_8W experiment is shown in two different scan settings. (B) Distribution of indicated GFPs 85 s after addition to permeabilized HeLa cells. Note that the extend of aggregation with nuclear and cytoplasmic components is strongly dependent on which kind of ectopic hydrophobic residues is displayed on the GFP surface. Tryptophans (8W) or tyrosines (8Y) confer a particularly strong aggregation, while exposed methionines (8M), leucines (8L), isoleucines (8i) and phenylalanines (8F) cause far less aggregation. Each point corresponds to one mobile species (GFPs, mCherry, NTF2). Especially colored reference points are: EGFP (green) and NTF2 from yeast and rat (magenta). Note the excellent correlation over several orders of magnitude. Also note that partition coefficients smaller than 0.05 can hardly be discerned in FG particles. Partition coefficients for very inert GFPs in the MacNup98 and Nup116 FG phases should therefore be considered as upper limits.
Supplemental Figures
Brightness reduced 10-fold stGFP-23 stGFP-14 stGFP-8 stGFP-3 stGFP+13 stGFP+20
GFP distribution 350 sec after addition to digitonin-permeabilized HeLa cells Figure S4 . Negative Charges Prevent and Positive Charges Promote Cytoplasmic Aggregation, Related to Figure 4 Starting from a superfolder GFP with a net charge of À8, derivatives ranging from À23 to +20 in charge were obtained and tested for aggregation with structures of digitonin-permeabilized HeLa cells. Note that positively charged GFP variants show significant unspecific binding to cytoplasmic components, while a negative charge confers aggregation-resistance. 
